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Abstract
Point defects in epitaxial GaN and ZnSe semiconductor layers have been studied using
a low-energy positron beam. Ga vacancies are found to be present in n-type GaN grown by
metal organic chemical vapor deposition, where the conductivity is due to residual oxygen.
When n-type silicon impurity doping is done, clearly less vacancies are observed. In Mg-
doped p-type and semi-insulating materials the vacancies are not observed. In GaN layers
grown by molecular-beam epitaxy also bigger vacancy clusters are detected. The formation
of Ga vacancies is found to depend strongly on the stoichiometry during the growth, and
much less on the structural quality of the layers. In GaN layers positrons are trapped also
at edge-type dislocations, which are shown to be negatively charged but not to contain
open-volume defects.
Undoped Znse layers are found to contain negative Zn vacancies. In nitrogen doped
ZnSe and ZnS0.06Se0.94 layers Se vacancies are detected. These are most likely part of a
defect complex with N impurity. Positron trapping at negative N acceptors is also observed.
By combining the results of positron annihilation, secondary ion mass spectrometry, and
capacitance-voltage measurements, a detailed picture of the deactivation of N impurities in
ZnSe is obtained.
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1 Introduction
The electrical conductivity of semiconductors is controlled by incorporating appropriate
impurity atoms into the lattice. These dopant atoms create donor or acceptor states in the
band-gap, generating the population of free charge carriers, electrons or holes. During the
material fabrication various point and extended defects can be formed in the semiconductor
lattice. The localized electronic states related to these defects may limit the characteristics of
the material, e.g. by acting as scattering or recombination centers for the charge carriers or by
compensating the dopant atoms. The formation of defects is influenced by the stoichiometry
of the growth conditions and by the position of the Fermi level in the energy gap. The
electronic and optical quality of a semiconductor is largely determined by the properties and
the amount of the native defects and impurities. The detailed knowledge on the formation
and the nature of the defects is therefore needed for high performance applications.
Optoelectronic semiconductor devices, e.g. light-emitting diodes and laser diodes, have
an important role in many applications of telecommunication and information technology.
During the recent years, much effort has been put to develope semiconductor devices working
in the short wavelength, blue light, region. Gallium nitride and zinc selenide both have a
direct wide band-gap and are potential materials for short wavelength applications.
The rapid progress in GaN-based semiconductor technology has already led to the
commercial launching of optoelectronic components. Many of the material properties and
characteristics are, however, not fully understood. The growth of large size bulk GaN crystals
is very difficult. The device-quality GaN is typically grown epitaxially on sapphire (Al2O3)
substrate. The lattice-mismatch between the GaN layer and the sapphire substrate may,
however, lead to dislocation densities as high as 1010 cm−2 threading through the GaN layer.
Several experimental and theoretical studies suggest that the dislocation lines are electrically
and optically active [1, 2, 3].
The most important native point defects in GaN are calculated to be the vacancies [4].
In n-type GaN the most probable defect is the gallium vacancy. The gallium vacancy VGa
acts as a deep acceptor [5] and is suggested to be responsible for the carrier compensation in
n-type GaN [6]. In addition to the formation of isolated Ga vacancies, also the formation of
complexes between the Ga vacancy and oxygen or silicon donor-impurities is calculated to be
energetically favored [5, 7]. In GaN devices a parasitic broadband component is commonly
observed in the yellow part of the emission spectrum. The acceptor states created by the
Ga vacancy or Ga vacancy related complexes are suggested also to be involved in this yellow
luminescence [5, 7]. The nitrogen vacancy is reported to act as a shallow donor in GaN [8],
and it is suggested to behave as a potential compensating defect in Mg-doped GaN grown
at high temperatures [9].
The realization of high-quality ZnSe-based devices has been restricted by fundamental
problems in material fabrication. One of the major difficulties is the strong compensation
of p-type doping. The best results are obtained with nitrogen as an acceptor impurity. The
charge carrier concentrations have been found, however, to saturate at about ≤1018 cm−3
regardless of much larger amount of incorporated nitrogen atoms. It has been proposed that
the deactivation of acceptors could be caused by the formation of dopant impurity–native
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defect pairs [10], creation of N2 molecules [11], or dopant atom related lattice instability which
turns a shallow acceptor level into a deep one [12]. Heteroepitaxial growth, typically on GaAs
substrates, gives as well rise to problems due the lattice mismatch between GaAs and ZnSe.
ZnSe-based devices are found to degrade during the operation, leading to shortened device
lifetimes. The degradation process has been suggested to be related to the formation of both
extended and point defects [13, 14].
In this work we have studied vacancy-type defects in epitaxial GaN and ZnSe layers
using a low-energy positron beam. Positron annihilation is an effective tool for studying
vacancy-type defects in semiconductors [15, 16, 17]. Positrons get trapped at vacancies
due to the missing positive ion core at vacancy site [18]. The trapping is experimentally
observed in two ways: as a narrowing of the momentum distribution of the annihilating
electron-positron pair and as an increase in the positron lifetime. The annihilation data
gives information on the nature of the atoms around the vacancy and enables distinguishing
between vacancies in different sublattices.
In Publications I and II we have studied the influence of doping and stoichiometry on
the formation of Ga vacancies in GaN. Ga vacancies are detected at high concentrations in
GaN which is n-type due to residual oxygen impurities. The concentration of VGa increases
strongly when the V/III molar ratio is increased in the metal-organic chemical vapor deposi-
tion (MOCVD) growth. In p-type and in semi-insulating layers Ga vacancies are not found.
In GaN layers grown by molecular-beam epitaxy (MBE) we observe also bigger vacancy clus-
ters [III]. The dependence between Ga vacancies and dislocations is studied in Publ. IV. We
find no obvious correlation between the vacancy concentration and the dislocation density.
The data suggest that the dislocations are negatively charged, but do not contain vacancies.
The investigation of ZnSe and ZnS0.06Se0.94 layers are reported in Publications V and
VI. In undoped ZnSe layers we identify Zn vacancies. In N-doped material positrons are
trapped at Se vacancies, which are most likely in complex with N impurity. Positrons are
trapped also at negative ions, which are attributed to isolated N acceptors. By combining
the positron data with the results of capacitance-voltage (CV) and secondary ion mass
spectrometry (SIMS) measurements, the deactivation of N acceptors is shown to be due to
the formation of compensating nitrogen related defect complexes and, in some layers, due
to incorporation of nitrogen in electrically neutral form.
A modification of the positron beam facility is reported in Publ. VII. The magnetic
field at the sample position was increased by using permanent magnets. The increased field
focuses the beam and guides effectively away the backscattered positrons, which otherwise
would cause error in the positron annihilation parameters.
2
2 Experimental methods
Positron annihilation spectroscopy is a method to detect and identify open-volume de-
fects, such as vacancies and voids, in solid material [15, 16, 17]. Positrons are implanted into
the sample material where they annihilate with electrons. As a positive particle, positron
tends to get trapped at vacancy sites. The experimental information is obtained by detect-
ing the 511 keV annihilation photons which are emitted in the annihilation process. The
lifetime of the positron gives information on the electron density in the sample material,
as encountered by the positron. In the annihilation process momentum is conserved. The
momentum of the annihilating positron–electron pair can be observed as a Doppler shift
in the energy of the annihilation photons and as a small angular deviation from the 180o
angle between the two photons. In this thesis, the characterization of defects is based on the
Doppler-broadening measurements.
After implantation into a solid material, positrons loose their energy until they are
in thermal equilibrium with the surrounding matter. The thermalization process is very
fast, taking only a few picoseconds, as compared to the average positron lifetime which is
typically around 200 ps in semiconductors. Thermalized positrons diffuse in the lattice until
they annihilate with an electron. In absence of defects which could trap the positron, the
diffusion is limited mainly by phonon scattering, as scattering from electrons and lattice
defects have a minor role. Typical positron diffusion length in semiconductors is of the order
of 100 nm at room temperature.
In a perfect semiconductor lattice positrons can be described by a delocalized Bloch-like
wavefunction, which has its maximum amplitude between the repulsive positive ion cores.
Open-volume defects, e.g. vacancies and bigger voids, where positive ion cores are missing,
may trap positrons into a localized state. Trapping is possible only at neutral or negatively
charged vacancies; the Coulombic repulsion prevents trapping at positive vacancies. The
positron binding energy at vacancy-type defects is of the order of 1 eV. The trapping rate
at the vacancies, κV , is proportional to the concentration of the vacancies: κV = cV µV /Nat,
where µV is the vacancy specific trapping coefficient and Nat is the atomic density of the
material. Positrons are also sensitive to negative ion-type defects, e.g. ionized acceptors in
semiconductors. Positrons get trapped at Rydberg levels around negative ions. The binding
energy at these shallow traps is typically < 100 meV, and thus the trapping is effective only
at low temperatures.
At a vacancy the average electron density is lower than in the bulk lattice, leading to
an increase in the lifetime of trapped positrons. The vacancy specific lifetime τV depends
on the size of the vacancy. The measurement of the positron lifetime spectrum can be
used to identify different vacancies and to give information on their concentration. Also the
average momentum of electrons at the vacancy site is reduced. The positron trapping at
vacancies leads to a narrower momentum distribution of annihilating positron-electron pairs
than free positron annihilation in the lattice. This can be observed by measuring the Doppler-
broadening of the 511 keV annihilation line. The high-momentum part of the momentum
distribution is caused almost totally by the annihilations with atomic core electrons. The
core electron momentum distribution gives thus information about the chemical nature of
atoms around the annihilation site and can be used to distinguish between vacancies in
different sublattices.
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The Doppler broadening of the 511 keV annihilation line is measured by a high-
resolution Ge-detector. The broadening is characterized by line shape parameters, the low-
momentum parameter S and the high-momentum parameter W . The S parameter measures
the fraction of counts in the central part of the 511 keV peak, corresponding to a longitudinal
momentum component of pL ≤ 3.7 × 10−3 m0c (±0.95 keV around the peak center), thus
representing mainly the annihilations with valence electrons. The W parameter is the frac-
tion of counts in the wing areas of the peak, 11×10−3 m0c ≤ pL ≤ 29×10−3 m0c, describing
annihilations with high momentum core electrons. The narrower momentum distribution
caused by positron trapping at vacancies is seen as an increase in the S parameter and as a
decrease in the W parameter.
The annihilation parameters recorded in a particular sample are superpositions of pa-
rameters characterizing annihilations at different positron states, weighted with correspond-
ing annihilation fractions η. If only one type of vacancy, which traps positrons, is present
in the lattice, the measured S and W parameters are linear combinations of values (Sb,Wb)
corresponding to the annihilation as a free positron in the defect-free bulk lattice and values
(SV ,WV ) characterizing the annihilations of the positrons trapped at vacancies,
S = (1− ηV )Sb + ηV SV and (1)
W = (1− ηV )Wb + ηV WV . (2)
In S–W plane the (S,W ) points fall on the line between the points (Sb,Wb) and (SV ,WV )
and the exact position is determined by the fraction of trapped positrons. The inverse slope
of the line, RV = |∆S/∆W | = |(SV − Sb)/(WV −Wb)|, is a defect specific parameter and it
can be used to distinguish between different vacancies [19].
By introducing κV , the positron trapping rate, and λb, the positron annihilation rate
from the delocalized state, into Eq. (1),
S =
λb
λb + κV
Sb +
κV
λb + κV
SV , (3)
the concentration of vacancies can be determined as
cV =
Nat
µV τb
(S − Sb)
(SV − S) . (4)
Here τb = 1/λb is the positron lifetime in a defect-free lattice. If positrons are trapped both
at vacancies and at Rydberg states around negative ions, the S parameter is
S =
1
λb + κV +
κion
1+δion
(λb Sb + κV SV +
κion
1 + δion
Sion) , (5)
where κion = cion µion/Nat is the trapping rate at the negative ions and δ is the thermal
detrapping rate from the ions. As the surroundings of negative ions do not contain open
volume, the characteristic S parameter Sion = Sb.
The annihilation parameters S and W are characteristic to each material. Their ab-
solute values, however, depend on the energy resolution of the detector system and on the
chosen energy window used for counting the pulses. A well known reference sample, prefer-
ably a sample with no positron traps in it, is therefore needed for comparing the results
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between different experimental set-ups and for determining the bulk values Sb and Wb. For
the estimation of the vacancy concentration, the vacancy specific parameters SV and WV
have to be known. They can be determined e.g. by comparing the results of the Doppler
broadening measurements and the positron lifetime experiments, or by studying a sample
with a very high concentration of vacancies (ηV = 1).
Positrons, which are emitted in the β+-decay of radioactive nuclei, are highly energetic
and have a continuous energy spectrum, which leads to a wide penetration depth distribution
in the sample material. The average penetration depth of positrons from 22Na source is tens
of micrometers in a semiconductor lattice. The characterization of thin epitaxial layers is
done using a low-energy positron beam. In a low-energy positron beam positrons are first
slowed down and then accelerated by an electric field to form a monoenergetic beam with
adjustable energy.
In the positron beam facility the positron source and the sample are located in vacuum
chambers. Positrons hit a thin moderator foil (single crystal W), where they become ther-
malized. Due to the negative work function in tungsten, the thermalized positrons which
reach the surface of the foil are emitted to the vacuum with the energy corresponding the
work function, ∼ 3 eV. The positrons, which have transmitted the foil, are extracted and
focused by a small voltage to the beamline. In the beamline the positrons are guided by axial
magnetic field. The moderation efficiency of the foil is low, < 10−4, and before the acceler-
ation to the final energy, a velocity selector is used to filter the non-thermalized positrons
away from the beam. The final beam energy can be adjusted between 0 and 40 keV. This
enables the depth scan of the semiconductor layer from the topmost atom layers down to a
depth of few micrometers.
During the experiments of this work a new target chamber (Fig. 1) was designed
[VII]. The new chamber allows Doppler broadening measurements with two Ge detectors in
coincidence. In the design a special care was taken to minimize the effect of backscattered
positrons. The two-detector coincidence set-up is used to remove the background radiation
from the Doppler spectrum. The detectors are situated on opposite sides of the sample and
only those events, when both 511 keV photons are detected, are accepted. The discrimination
can be done either using a scintillator detector, NaI or BGO, with the Ge detector, or by
using two Ge detectors to record the energy of both photons [20, 17]. This technique allows
the analysis of the positron–electron momentum distribution up to a momentum of 60 m0c.
A portion of the positrons which hit the target surface are scattered back to the vacuum.
The backscattered positrons, which hit the wall of the vacuum chamber near the detector,
may cause a systematic error in the annihilation spectrum. The effect of the backscattered
positrons becomes stronger at higher positron incident energies: First, the total backscat-
tering probability increases with incident energy, and second, when a positron scatters away
from the target with a high velocity component in a direction perpendicular to the field
direction, the magnetic field cannot effectively guide the positrons away from the vicinity
of the detectors. This comes especially severe in the two detector set-up, as the sample is
surrounded by both sides by the detector noses, which are brought very close to the sample
in order to maximize the count rate.
In the new chamber we have mounted strong permanent magnets (NdFeB) behind the
sample holder. These increase the magnetic flux density in the critical area between the
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Figure 1: An overall view of the new target chamber [Publ. VII].
detectors. In addition, the distance between the target and the detector wells can be ad-
justed. This enables to compromize between the count rate and the number of backscattered
positrons annihilating at the end plates of the well.
The test measurements showed, that the increased magnetic field effectively guides the
backscattered positrons away from the vicinity of the detectors. The distortion caused by
the backscattered positrons could not be seen at any positron energies. The increase in the
flux density also focuses the beam leading to a smaller spot size.
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3 Native vacancies in GaN epitaxial layers
3.1 Ga vacancies in GaN grown on sapphire by MOCVD
According to theoretical calculations [4], the most important point defects in GaN are
vacancies: the dominating native defect in p-type GaN is expected to be the N vacancy and
in n-type GaN the Ga vacancy. The formation energy of antisites and interstitials has been
found to be too high for them to exist in significant concentrations.
3.1.1 Influence of dopants on the vacancy formation
The p-type doping of GaN is usually done with Mg-impurities. After the growth the
GaN:Mg grown by metal-organic chemical vapor deposition (MOCVD) is highly compen-
sated and the p-type conductivity is achieved after thermal treatment. The n-type doping
is more straightforward, both oxygen or silicon impurities can be used as n-type dopants.
Undoped GaN shows usually high n-type conductivity, which is most commonly associated
to residual oxygen [4, 21]. To study the influence of doping on the formation of native vacan-
cies, we investigated Mg-doped p-type and semi-insulating (SI) layers, nominally undoped
layers, and Si-doped n-type layers, which were grown on Al2O3 substrate by MOCVD. As
a reference sample, we studied a heavily Mg-doped GaN single crystal. In this bulk crys-
tal positron lifetime experiments [22] yield a single lifetime component of 165 ps, which
corresponds to positron annihilation in delocalized state in the GaN lattice.
The p-type conductivity, p = 2× 1017 cm−3, in the Mg-doped layer has been achieved
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by post-growth thermal annealing. In the semi-insulating (SI) sample the heavy Mg-doping
without thermal annealing compensates the residual n-type conductivity. In Fig. 2 are
shown the S parameters in p-type and SI layers, together with the curve measured in p-type
reference crystal. In both epitaxial layers the plateau of the constant S ≈ 0.435, observed in
the energy range 5-25 keV, characterizes the annihilations inside the GaN layer. At higher
positron energies part of the positrons annihilate in Al2O3 substrate leading to a decrease in
S. At low positron energies, E < 5 keV, more positrons are able to diffuse onto the sample
surface, and the S parameter increases towards the value characteristic to annihilations at
the surface.
The layer-specific parameters both in semi-insulating and in p-type GaN layers are
equal to those measured in Mg-doped reference crystal, indicating that in Mg-doped layers
the positrons are not trapped at vacancies. This conclusion is supported also by the tem-
perature behaviour of the annihilation parameters, which show only small variation in the
temperature range between 30 and 600 K [II], as typically observed for positron annihilation
in defect-free lattice [16].
The studied nominally undoped GaN layers show strong n-type conductivity with
n = 1017–1018 cm−3. According to the SIMS measurements the concentration of oxygen in
epitaxial layers was > 1018 cm−3, which is enough to explain the n-type conductivity. Figure
3 shows the S(E) curves in two undoped GaN layers. A plateau of the S parameter which
characterizes the annihilations inside 0.6 and 1 µm thick layers is clearly seen in the energy
ranges of 7–15 and 7–22 keV. The S parameter in undoped layers is clearly higher than in
the Mg-doped reference sample, indicating positron trapping in vacancy-type defects.
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The (S,W ) points recorded in undoped GaN layers fall on the same line in the S–W
plane, indicating that the vacancy is the same in each layer. The slope of the line, which
is the fingerprint of the vacancy, is the same as attributed to the Ga vacancy on basis of
the positron lifetime experiments in undoped GaN [23] and the investigations of the core
electron momentum distribution by two-detector coincidence technique [23, 24]. This leads
us to identify the vacancies observed in undoped GaN layers as Ga vacancies.
The effect of the silicon doping on the formation of Ga-vacancies was investigated by
studying a set of 3–4 µm thick GaN:Si layers with n = 5× 1017 – 5× 1018 cm−3. The doping
of GaN with silicon impurities is suggested to suppress the incorporation of residual oxygen.
The concentration of Si was shown to be clearly higher than the concentration of residual
oxygen impurities by both magneto-optical measurements [25] and SIMS experiments.
The S(E) curves recorded in Si-doped layers (Fig. 4) show that the layer specific S
parameter (the plateau at E > 15 keV) is very close to the S parameter found in the p-
type layers. Similarly, the S parameter does not change significantly as the temperature
is increased from 30 to 600 K. In O and Si-doped layers grown in identical conditions the
positron experiments show that (i) the O-doping promotes the formation of Ga vacancies
and (ii) Si-doped samples have a small VGa concentration of ∼ 1016 cm−3.
The observation of the Ga vacancies in n-type nominally undoped layers but not in the
p-type and semi-insulating layers coincides with previous investigations [23, 24]. The result
agrees with the theoretical calculations [4, 5], which predict that the Ga vacancy has a low
formation energy in n-type material.
Interestingly, when the n-type conductivity is due to silicon impurities and less oxygen
is present, the Ga vacancies are not observed. This can be explained by the formation of
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complexes, such as VGa– ON, between Ga vacancies and oxygen, when oxygen impurities are
present in the lattice. According to theoretical calculations [5, 7], the formation energy of
VGa– ON complex is even lower than that of isolated VGa. The VGa– ON complexes may form
at the growth temperature when mobile Ga vacancies are trapped by oxygen impurities. In
fact, according to a recent study VGa becomes mobile already at T ≥ 600 K [26]. Similarly,
one could expect the formation of VGa– SiGa complexes in Si-doped GaN, as suggested by
Kaufmann et al [27]. The binding energy of VGa– ON pair (1.8 eV) is calculated to be clearly
higher than the binding energy of VGa–SiGa (0.23 eV) [7], and thus VGa– ON pairs are more
likely to survive the cool down from the growth temperature. However, the VGa– SiGa may
be present in some GaN samples [27], particularly since the formation of Ga vacancies is
shown to depend also on the stoichiometry of the growth conditions [I]. Unfortunately, the
present data cannot distinguish directly between VGa and VGa–donor impurity complexes.
3.1.2 Effect of the growth stoichiometry
In addition of the Fermi-level position, also other conditions such as the temperature
and the stoichiometry during the growth affect the formation of intrinsic point defects. The
effect of the growth stoichiometry on the formation of Ga vacancies in GaN became clearly
evident, when we studied a set of MOCVD grown layers where the V/III molar ratio was
varied between 1000 and 10000.
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The studied layers were 1–5 µm thick epitaxial layers grown on sapphire substrate
by MOCVD. By changing the NH3 flow, the V/III molar ratio was varied between the
samples. Although the samples are nominally undoped, they show n-type conductivity with
n decreasing from 1020 to 1016 cm−3 as the V/III ratio increases from 1000 to 10000 [28].
The measurement of the Doppler parameters as a function of positron incident energy
revealed positron trapping at vacancy-type defects in all layers: The S parameter is clearly
higher (Fig. 5) and the W parameter lower in the studied layers than in the p-type GaN:Mg
reference sample. In thinner layers the S parameter increases slightly with increasing energy,
indicating that the concentration of vacancies is somewhat higher close to the GaN/Al2O3
interface.
The observed vacancies are identified by their characteristic slope in the S–W plot.
In the S–W plot the points from different layers form a straight line. The slope of the
line is the same as found for the Ga vacancies in GaN bulk crystals and epitaxial layers in
previous positron studies [23]. Similarly, the core electron momentum distribution, which
was measured in the layer with the highest S parameter using two-detector coincidence
set-up, was similar to the distribution measured previously for the Ga vacancy.
The vacancy concentrations in the layers were estimated with Eq. (4) and using the
estimated value of SV /Sb = 1.046 for the relative vacancy specific S parameter. Interestingly,
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the vacancy concentration increases with the increasing V/III molar ratio as shown in Fig.
6. When the growth is conducted in strongly nitrogen rich conditions, a high concentration
(∼ 1019 cm−3) of empty sites is formed in the Ga sublattice. The result indicates that in
addition to the doping and the Fermi-level position discussed above, the formation of the
Ga vacancies depends also strongly on the stoichiometry during the growth.
The most probable charge state of the Ga vacancy in n-type GaN is calculated to be
−3 and thus it acts as a compensating defect in n-type material [5, 7]. The increase of the
vacancy concentration from 1016 to 1019 cm−3 with the increasing V/III molar ratio can thus
explain a part of the observed decrease, from 1020 to 1016 cm−3, in the free electron (Hall)
concentration. This suggests that the formation of Ga vacancies has a dominating role in
the charge carrier compensation in the studied layers.
As conlusion, the Ga vacancies are observed in n-type GaN, but not in p-type material,
reflecting the influence of the Fermi-level position on formation energy of the vacancy. The
formation of the Ga vacancies is also strongly affected by the stoichiometry of the growth
conditions.
3.2 Vacancy clusters in Si-doped GaN grown by MBE on HVPE
GaN template
Molecular-beam epitaxy (MBE) offers a highly controlled way to grow semiconductor
epitaxial layers with very low background impurity concentrations. In our study we inves-
tigated Si-doped GaN layers (thickness 1.5 µm) grown by MBE on hydride vapor phase
epitaxy (HVPE) GaN templates. In the studied samples the template consisted of a 6 µm
thick HVPE GaN grown on sapphire substrate. HVPE growth enables a fast growth of thick
GaN layers, where the concentrations of impurities and extended defects are reduced. The
dislocation density in the templates was ∼ 109 cm−2, an order of magnitude less than close
to the GaN/Al2O3 interface.
In addition to positron annihilation experiments, the layers were characterized by var-
ious other techniques. The electrical properties were measured by Hall and electrochemical
capacitance-voltage (ECV) experiments. The optical properties were studied by photolumi-
nescence (PL) experiments. Secondary ion mass spectrometry (SIMS) was used to determine
the concentrations of dopant impurities. Although the n-type doping was done with silicon
(2× 1017– 1× 1019 cm−3), the SIMS measurements revealed that oxygen was present in con-
centrations (6 × 1017–1 × 1018 cm−3). This residual oxygen originates most likely from the
GaN/Al2O3 interface. The crystal quality and the density of extended defects were deter-
mined by transmission electron microscopy (TEM). TEM data showed that the dislocation
structures which thread through the HVPE template, are copied also in the MBE layer.
Figure 7 shows the S parameters recorded as a function of positron incident energy.
The S parameter in undoped and Si-doped MBE layers is clearly higher than the reference
level corresponding to defect-free material (GaN:Mg), indicating that positrons are trapped
at vacancy type defects. Interestingly, in the S–W plot (Fig. 8) the (S,W ) points do not
coincide with the line characteristic to Ga vacancy, indicating that the vacancy in the studied
layers is not the same as previously observed in n-type MOCVD layers. The high S parameter
value, S/Sb =1.031–1.045, also strongly suggests that the observed vacancy is neither a
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Figure 7: The low momentum parameter S as a function of the positron implantation energy
in Si-doped GaN layers grown by MBE [Publ. III].
nitrogen vacancy, which has a much smaller open volume than VGa and thus should result
in clearly lower S values.
The most probable candidate for the observed defect is a vacancy cluster of two or
more vacancies. These kind of vacancy clusters have been previously observed in GaN layers
grown by MBE on Si(111) substrate [29] and in MOCVD GaN layer grown toward the N
face ( [0001] axis) [30]. The characteristic (S,W ) values for the vacancy cluster in Ref. [29]
were estimated to be 1.10 × Sb and 0.75 ×Wb. The measured (S,W ) values in Fig. 8 fall
close to the line between the GaN lattice point and the point characterizing the vacancy
cluster in Ref. [29], suggesting that the defect detected here is the same vacancy cluster as
detected in GaN layers on Si(111) substrate.
The measurement of the annihilation parameters as a function of temperature showed
that the S parameter increases and the W parameter decreases as the temperature is de-
creased. This is characteristic of positron trapping at negatively charged vacancies [16]. The
increase of the S parameter at low temperatures could also reflect the increase of the positron
diffusion length and the associated diffusion-limited positron trapping at the vacancy clus-
ters.
Interestingly, the S parameter and thus the concentration of the clusters decreases as
the doping level increases (Fig. 7). An explanation for this can be provided by the presence
of also negative Ga monovacancies, or VGa related complexes such as VGa–ON or VGa–SiGa,
in the layers with the highest Si doping level. In Fig. 8 the (S,W ) points in the layers with
the highest Si doping actually deviate from the line attributed to the cluster, and move
towards the line characterizing the Ga vacancy, suggesting that positrons are trapped also
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at Ga vacancies.
The emission of parasitic yellow luminescence (YL) is generally related to deep acceptor-
type defects [5, 7]. The PL measurements showed that the absolute intensity of yellow lumi-
nescence increases with increasing Si-doping, and so it seems improbable that the observed
vacancy clusters were involved in the emission of yellow light as their concentration decreases
with increasing [Si]. In fact, the vacancy clusters were not found to cause YL in GaN grown
on Si(111) [29]. Ga vacancies, on the other hand, have been related to the emission of the YL
[23] and thus the change from vacancy clusters to Ga vacancies with increasing [Si] agrees
with the PL data.
The microscopic structure of the vacancy clusters and the mechanism leading to their
formation cannot unfortunately be solved from the present data. The formation energy of a
divacancy VGa–VN is calculated to be reduced in n-type material [5], but on the other hand,
the positron lifetime experiments in Ref. [30] suggest a defect with a larger open volume
than in a divacancy. Interestingly, in Ref. [30] the large volume clusters were detected in the
film with N face polarity (0001). Similarly, in our very recent experiments on O-doped MBE
GaN with both N and Ga face polarity, the films grown towards (0001)-direction almost
systematically contained vacancy clusters, but they were not observed in the Ga polarity
films. In the present study the TEM experiments showed that the crystal had predominately
Ga face polarity, but also inversion boundaries were observed. These findings suggest that
the formation of vacancy clusters may be related to the growth polarity of the GaN film.
Considering the incorporation of residual oxygen and the density of extended defects,
the growth of GaN by the MBE method does not show any significant advantages over vapor
phase growth techniques (MOCVD, HVPE), which are much faster and more suitable for
large scale production.
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3.3 Ga vacancies and the layer structural quality
The growth of high-quality GaN single crystals with reasonable size is difficult and
they are not widely available. The GaN material is typically grown epitaxially, most often
by MOCVD on sapphire substrate. Due to the large lattice and thermal mismatch between
the GaN layer and the sapphire substrate the GaN layers contain typically a high density,
108–1010 cm−2, of extended defects. Above the interface region the dominating defects are
pure edge and mixed screw-edge dislocations which thread through the overlayer up to the
surface [31].
Although the operation of GaN devices is surprisingly insensitive to the presence of
high dislocation densities, the dislocation lines are shown to be electrically and optically
active. The results of electron mobility studies suggest that dislocation lines are negatively
charged and contain acceptor states along the line [1, 2]. Cathodoluminescence studies have
shown that dislocations act as centers for nonradiative recombination [3], but also evidence
of the yellow luminescence emission originating from the dislocation lines has been shown
[32].
The microscopic structure of these defects is not fully understood. Different dislocation
structures with vacancies in the dislocation core are calculated to be possible, depending on
the doping and the stoichiometry during the growth [33]. The edge dislocation with filled-
core structure is calculated to be electrically inactive [34], but the observed electrical and
optical activity is suggested to result from the Ga vacancies or VGa-ON defect complexes
which are trapped at the dislocation by the related stress field [35].
3.3.1 Independence of Ga vacancies of dislocation density
In MOVPE growth of GaN on sapphire substrate the increase of the total pressure in
the reactor has been found to result in increased grain size and electron mobility [36]. We
investigated a set of Si-doped GaN layers [IV], where the average grain size increases from
0.2 to 2–5 µm, as the growth pressure is increased from 39 to 200 Torr. The low-angle grain
boundaries are defined by edge dislocations, and they are suggested to be responsible for
the low electron mobility and the high degree of compensation observed in lower pressure
growths. The major part of the dislocations, > 80 %, are estimated to be located at grain
boundaries in the studied layers. We also investigated a nominally undoped GaN layer,
which was grown on a Mg-doped bulk GaN crystal [II]. The dislocation density in this
homoepitaxially grown sample is very small, close to that in GaN bulk crystals (< 104
cm−2).
The investigation of homoepitaxially grown undoped GaN layer showed [II] that positrons
were trapped at Ga vacancies in the epitaxial overlayer. On the backside of the sample, in
the Mg-doped bulk crystal, vacancies were not observed. The presence of the Ga vacancies
in the homoepitaxial layer manifests, similarly with the previous results where Ga vacancies
have been found in undoped GaN bulk crystals [22, 23], that the dislocations are not required
for the formation of the vacancies.
Figure 9 shows the layer characteristic S parameter as a function of temperature in
four GaN layers with different grain sizes. In the layer with the smallest grain size, 0.2 µm,
the S parameter is the lowest and does not change noticeably with the temperature. This
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low level is the same as recorded in Mg-doped p-type reference GaN layer and corresponds to
the annihilation of positrons in vacancy-free GaN lattice. Thus in the layer with the smallest
grain size no positron trapping at vacancies is observed.
In the film grown at the highest pressure, 200 Torr, the S parameter increases with
decreasing temperature. This is characteristic of positron trapping at negatively charged
vacancies: The positron trapping coefficient µ for direct trapping at negative vacancies
varies as ∼ T−0.5 [16].
In the 65 and 130 Torr films the S parameter is the lowest at low temperatures, T <
200 K, but increases rapidly when the temperature is raised from 200 to 400 K, indicating that
the positrons get trapped at vacancies. The decrease in the S parameter at low temperatures
is typical of positron trapping into shallow hydrogenic states around negative centers. When
these centers do not contain open volume, the corresponding Doppler broadening parameters
are similar to those of vacancy-free material. At low temperatures the shallow traps compete
with the vacancies in trapping positrons. When the temperature is raised, the escape rate
from shallow traps increases rapidly leading to the higher S parameter as more positrons are
trapped at vacancies.
The identification of the vacancies is based on the vacancy specific slope in the S–W
plot. In the S–W plot the data points measured between 30 K and 600 K fall on the same
line in all samples. The slope of the line is the same as found for the Ga vacancy in n-type
GaN overlayers and bulk crystals [23]. The result thus indicates that the observed vacancies
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are Ga vacancies or complexes involving VGa.
The concentration of the Ga vacancies can be estimated from the data at high tem-
perature, T > 450 K, where only vacancies act as positron traps. By using the standard
trapping model (Eq. 4) and the value 1 × 1015 s−1 for the trapping rate µV (450K) at Ga
vacancies and the ratio SV /Sb= 1.046 for the vacancy specific S parameter [I], the vacancy
concentrations are 5–10×1017 cm−3.
The observation of Ga vacancies in the higher pressure films is in agreement with
previous results, where Ga vacancies were found in n-type samples. In the 39 Torr film which
is heavily compensated the vacancies are not observed. The Ga vacancy concentration in
the 65, 130, and 200 Torr films varies independently of the average distance between grain
boundaries. This suggests that the Ga vacancies are not related to the grain boundaries but
are rather located in the grain interior.
3.3.2 Positron trapping at dislocations
The fraction of positrons trapped at shallow traps at low temperatures can be estimated
from Fig. 9. In the layer with 1 µm grain size (65 Torr growth) the S parameter drops to
the level corresponding to vacancy-free GaN indicating that all positrons get trapped at
shallow traps at temperatures below 200 K. In the 130 Torr film the fraction of positrons
which get trapped at shallow traps can be estimated using the trapping model of two traps
(Eq. 5), where the escape rate δ from the shallow traps is zero at low temperatures. Using
the data at 30 K and the value 3.9× 1015 s−1 for µV (30 K), the fraction of positrons which
annihilate at shallow traps is ∼43 %. In the 200 Torr film the S parameter increases with
the decreasing temperature even at low temperatures and there is no clear sign of positron
trapping at shallow traps. The S parameter at 30 K is slightly lower than expected if a strict
∼ T−0.5 behavior for µV is assumed, corresponding to max. 10 % contribution of shallow
traps. In case of the 39 Torr film the possible existence of shallow traps cannot be observed,
because without positron trapping at vacancies the trapping at negative centers, which do
not contain open volume, cannot be distinguished from the annihilation of free positrons.
The next question is naturally the origin of these shallow traps. The concentrations of
possible acceptor impurities, magnesium and carbon, are measured to be too low to cause
the observed compensation of n-type conductivity [37] and the observed positron trapping
rate at the shallow traps. The temperature at which positrons escape from the shallow traps
(T > 200 K) is also higher than previously observed for negative impurities such as Mg [22].
Interestingly, the positron trapping rate at the shallow traps shows clear correlation with the
decreasing grain size. This leads us to attribute the negative positron-trapping centers to
the edge dislocations located at the grain boundary. Although the total dislocation densities
do not vary significantly between the films, the positron diffusion starts to limit the arrival
rate at a boundary when the average distance between the boundaries increases. A Monte
Carlo simulation of positron diffusion [38] gives estimates 85 %, 25 %, 12 % and, 4 % for
the fraction of positrons which could reach the boundary in 0.2 µm, 1µm, 2 µm, and 5 µm
grains, respectively. Although these fractions are clearly below the experimental fractions
of positrons trapped at grain boundaries, they reflect the same ratios and range as the
experimental ones. In reality the dislocations located inside the grains, the straggling of the
grain boundaries, and the electrostatic attraction of the dislocations increase the possibility
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of positron to reach a dislocation.
As a summary, the presence of the Ga vancancies in the low dislocation density material
and the independence of vacancy concentrations of the average grain size shows that the
formation of VGa is not related to the dislocations. The positron data suggests that the edge
dislocations are negatively charged and they do not contain open volume. The suggested
negative charge of the edge dislocation is consistent with cathodoluminescence [3, 32] and
mobility studies [1, 2]. Similarly, the result agrees with Z-contrast imaging studies [39],
where no evidence of high concentrations of Ga vacancies was found, and thus disagrees
with the calculations which predict the existence of Ga vacancies in the dislocation structure
[33, 35].
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4 Native vacancies in nitrogen doped and undoped
ZnSe layers
Fundamental problems exist in fabrication of device-quality ZnSe. Doping into p-type
is difficult due to strong compensation of acceptor impurities. The material also degrades
during the operation, which is related to the formation of point and extended defects.
The most important native defect in n-type ZnSe is calculated to be the zinc vacancy
[40], which has been studied in detail by electron paramagnetic resonance and ODMR ex-
periments in electron irradiated n-type ZnSe [41]. Zinc vacancies have been detected also
in positron annihilation experiments in n-type materials, in Cl-doped ZnS0.06Se0.94 and in I-
and Ga-doped ZnSe [42, 43, 44, 45]. In positron experiments p-type N-doped ZnS0.06Se0.94
layers have been found to contain selenium vacancies, which are probably paired with N
impurities [42]. Undoped ZnSe layers have often been considered as defect-free [43, 44, 45].
4.1 Se vacancies in N-doped layers
In our work [V] we studied N-doped and undoped ZnSe layers grown by MBE on
GaAs:Si substrate. As reference samples without lattice mismatch we studied a homoepi-
taxial undoped ZnSe layer, grown on Se-rich ZnSe crystal, and an undoped ZnSe bulk crystal
grown in Zn-rich conditions.
The N-doped ZnSe layers, BN1, BN2, and BN3 were ∼3 µm thick. The N impurity
concentrations were (8–10)×1016, (5–10)×1017, and (8–15)×1018 cm−3 in BN1, BN2, and
BN3, respectively. The S–W plot in Fig. 10 shows the annihilation parameters characterizing
each N-doped layer, together with the parameters recorded in I-doped sample (MI). The
(S,W ) points in N-doped layers fall in the same line, indicating positron trapping at a
single type of vacancy. In Fig. 10 the vacancy concentration increases with the N impurity
concentration. The S parameter is the lowest in sample BN1, indicating that the vacancy
concentration is the lowest in this sample. In fact, the Doppler parameters recorded at
room temperature in BN1 are practically the same as found in the Zn rich undoped bulk
ZnSe crystal. The positron lifetime measurement in this sample gives a single lifetime of
239±1 ps, which coincides with the theoretical value of 240 ps for annihilation in defect-free
ZnSe lattice [46]. Thus the room-temperature annihilation parameters in the sample BN1
correspond to positron annihilation in vacancy-free ZnSe lattice. However, the behavior of
the annihilation parameters as a function of temperature suggests a small concentration of
vacancies (discussed in section 4.3) also in BN1.
The vacancy in N-doped layers is characterized by the slope RV =|∆S|/|∆W | ≈ 4.8.
Saarinen et al. [42] found N-doped ZnS0.06Se0.94 layers to contain vacancies, which were
identified as Se vacancies by the shape of the high momentum part of the annihilation
spectrum and were characterized by the slope RVSe ≈ 5. Therefore, we associate the line
with the slope RV ≈ 4.8 to the selenium vacancy in ZnSe.
The charge state of an isolated selenium vacancy is calculated to be 2+ in ZnSe [10, 40].
Since positive vacancies do not trap positrons, the detected selenium vacancy must be a part
of a complex with a neutral or negative total charge. Theoretical calculations predict that
in N-doped ZnSe the most abundant complex containing a Se vacancy is the Se vacancy–
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Figure 10: The (S,W ) values characteristic of the N-doped and I doped ZnSe layers [Publ. V].
nitrogen impurity pair [10, 40]. This leads us to attribute the detected vacancies in N-doped
samples as VSe-NSe complexes.
4.2 Zn vacancies in undoped layers
The line between n-type I-doped sample MI and the lattice point has a clearly different
slope, RV ≈ 1.2 − 1.6, indicating positron trapping at another kind of vacancies in this
sample. The lower R parameter means that less annihilations take place with core electrons
than in the case VSe. This indicates that the vacancy in I-doped layer is VZn, because the 3d
electrons of the Se atoms surrounding the zinc vacancy overlap much less with the positron
wave function than those of Zn atoms neighboring VSe [42].
In the studied undoped ZnSe layers the layer thickness and structural quality varies: In
three thin layers (BUd1, BUd2, and BUd3) with the layer thickness <1.5 µm the dislocation
densities measured by etch pit density and by TEM were 106, 1–2×107, and 109–1010 cm−2,
respectively. In the 4.2 µm thick layer BU and in the homoepitaxial layer HU the structural
quality should be clearly better.
The representative S and W parameters for undoped ZnSe layers (Fig. 11) fall clearly
apart from the lattice point and are consistent with the line R ≈ 1.2−1.6 attributed to VZn.
This indicates that zinc vacancies are present in all studied undoped samples.
The measurement of the annihilation parameters as a function of temperature shows
that the S parameter increases and the W parameter decreases as the temperature is de-
creased [V]. This behavior is characteristic of positron trapping at negative vacancies [16, 17],
indicating that the observed zinc vacancies are in a negative charge state. The data show no
evidence of positron trapping at other defects, such as shallow traps at low temperatures.
The observed negative charge state agrees with the theoretical calculations [40] which pre-
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dict that in undoped ZnSe the most probable negative native defect is the Zn vacancy in the
doubly negative charge state. The absence of positron trapping at negative ions also agrees
with theoretical calculations [47, 40], which predict that the intrinsic negative ions, such as
ZnSe antisite defects, have a very high formation energy in undoped ZnSe.
The concentration of zinc vacancies is roughly the same, 2–4×1016 cm−3 in the ho-
moepitaxial sample HU, in the thick heteroepitaxial sample BU, and in the thin layers BUd1
and BUd2 with lower dislocation densities. In the layer BUd3 with the highest dislocation
density, 109–1010 cm−2, also the concentration of zinc vacancies is the highest, ∼ 1017 cm−3.
The result thus suggests that in addition to doping and its influence on the defect formation
energy, the creation of zinc vacancies is also somewhat enhanced by the lattice mismatch
between ZnSe layer and GaAs substrate.
4.3 Compensation of p-type doping in ZnS0.06Se0.94 and ZnSe
The p-type doping of ZnSe has proven to be difficult. The best results are obtained
with nitrogen impurities. The charge carrier concentrations have been found, however, to
saturate at about ≤1018 cm−3 regardless of much larger amount of incorporated nitrogen
atoms. It has been proposed that the deactivation of acceptors could be caused by the
formation of dopant impurity–native defect pairs [10]. In N-doped ZnSe the formation of
defect complexes involving a substitutional nitrogen dopant with a selenium vacancy VSe or
a zinc interstitial Zni is calculated to be energetically favored [40]. Also the creation of N2
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molecules [11] and dopant atom related lattice instability which turns a shallow acceptor
level into a deep one [12], are suggested.
We have studied the deactivation of nitrogen doping in detail in 1.5–2.0 µm thick
ZnS0.06Se0.94 layers [VI]. The alloying with Zn enables a good lattice match with the GaAs
substrate resulting in good quality epitaxial film. The layers were grown on GaAs(100) sub-
strate by two different MBE systems (sets A and B). The concentration of N impurities was
determined by SIMS, and the resulting hole concentrations were measured by electrochemi-
cal capacitance-voltage (CV) experiments. The results (Table I) show that p [N] in every
sample, indicating strong deactivation of impurities.
The Doppler parameters S and W characterizing each layer were measured using low
energy positron beam. Figure 12 shows the S parameter values in various layers measured
at a positron energy of 10 keV at 25–500 K. With this energy all positrons annihilate inside
the ZnS0.06Se0.94 overlayer and do not diffuse to the sample surface or to the substrate. The
S parameter values in Fig. 12 are scaled with Sb, the S parameter corresponding to positron
annihilation in defect-free ZnS0.06Se0.94, taken from Ref. [42].
At temperatures T > 200 K the S parameter is clearly higher than Sb in all samples,
indicating that positrons get trapped at vacancy type defects. These vacancies have been
identified as Se vacancies by the shape of the core electron momentum distribution [42]. The
charge state of an isolated Se vacancy is expected to be 2+ [10] and thus it is repulsive
to positrons. Therefore the detected Se vacancy is most likely a part of a defect complex,
most probably with the N impurity [40], so that the total charge of the defect is negative or
neutral.
The S parameter decreases in all layers when the temperature is lowered, indicating a
smaller fraction of annihilations at vacancies (Fig. 12). This can be explained by positron
trapping into Rydberg states around negative ions at low temperatures. At low temperatures
these shallow traps compete with vacancies in trapping positrons. As the surroundings of
Table I: The charge carrier and the N impurity concentrations from CV and SIMS mea-
surements and the concentrations of negative vacancies and negative ions from the positron
annihilation experiments.
Sample p (cm−3) [N ] (cm−3) cV (cm−3) cion (cm−3)
Set A:
1 1.0×1017 2.9×1019 4.0×1018 1.1×1019
2 2.6×1017 1.5×1018 2.9×1017 3.1×1017
3 3.5×1017 4.8×1018 3.9×1017 2.9×1018
4 2.4×1017 1.1×1018 2.9×1017 4.2×1017
5 2.0×1017 2.0×1018 2.9×1017 4.9×1017
Set B:
6 3.5×1017 3.8×1018 3.0×1017 2.4×1017
7 2.0×1017 5.1×1018 2.4×1017 2.8×1017
8 4.0×1017 4.1×1018 2.6×1017 2.6×1017
9 2.8×1017 3.4×1018 2.6×1017 2.6×1017
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Figure 12: The low momentum parameter S/Sb vs. measurement temperature in various
ZnS0.06Se0.94:N samples. The sample numbers, corresponding to Table I, are indicated in the
figure. The solid lines are guides to the eye [Publ. VI].
negative ions do not contain any open volume, the S parameter decreases towards the bulk
value Sb.
The charge state of the VSe-NSe can be determined on basis of Fig. 12. At temperatures
below 100 K the S parameter is constant as a function of temperature. The positron trapping
coefficients at negative ions and negative vacancies both behave as ∼T−1/2, whereas the
trapping at neutral vacancies is independent of temperature [16, 48]. If neutral vacancies
and negative ions were competing as positron traps, the S parameter would decrease when
temperature is lowered. The observed VSe-NSe complexes must thus be negatively charged,
to cancel the temperature behavior of positron trapping at negative ions.
The concentrations of the VSe-NSe complexes and the negative ions were estimated from
the positron data. At high temperatures T > 300 K positrons are not trapped at negative
ions. The measured S parameter is then a linear combination of the values characteristic
to the annihilations in the lattice (Sb) and at the vacancies (SV ) only and the vacancy
concentration can be estimated by Eq. (4). At lower temperatures (<50 K) the S parameter
is a superposition of the values Sb, SV and that obtained at negative ions Sion ≈ Sb. At
25 K we can assume that the detrapping rate δ from the ions is zero and estimate the
concentration of negative ions using Eq. (5).
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Figure 13: The concentration of incorporated nitrogen atoms as a function of the sum of
donor and acceptor concentrations. The samples of set A are indicated by black circles and
the samples of set B by white circles. The line [N ] = [A−] + [D+] is shown in the figure
[Publ. VI].
The concentrations of negative VSe-NSe complexes and negative ions (Table I) represent
the total concentration of acceptor type defects, [A−] = cV + cion in each sample. The
concentration of donor type defects [D+] can thus be calculated from the hole concentration
p = [A−]− [D+] measured by CV.
Figure 13 shows the concentration of incorporated nitrogen [N ] obtained by SIMS as
a function of the sum of acceptor and donor concentrations, [A−] + [D+]. As mentioned
above, the theoretical calculations predict that the most probable defects in N-doped ZnSe
are those related to nitrogen impurities. The samples from the set A obey quite well the
correlation [N ] = [A−] + [D+], suggesting that in the set A all nitrogen atoms are related to
charged defects. In the samples of the set B that correlation does not hold, indicating that
these samples contain N atoms also in electrically neutral form.
The most obvious candidate for the negative ion is the NSe acceptor. According to
calculations [40], the most likely assignment of the donor defect is either (Zni-NSe)
1+ or (VSe-
NSe)
1+. In set A the concentration of charged defects increases linearly with the nitrogen
incorporation (Fig. 14). About 40 % of all nitrogen impurities are situated as isolated
acceptors N−Se. Another ∼40 % is in donor type defect pairs (Zni-NSe)1+ or (VSe-NSe)1+
and about 20 % is bound to the negative (VSe-NSe)
1− pairs.
In the sample set B the situation is totally different. The major part, ∼80 %, of
the incorporated nitrogen is in electrically neutral form. Unfortunately the location of the
nitrogen impurities can not be concluded with the present data. The existence of defect
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Figure 14: The estimated defect concentrations as a function of the total concentration of
incorporated nitrogen in the samples of set A (left) and B (right) [Publ. VI][49].
complexes Zni-NSe or VSe-NSe in neutral charge state is not likely according to theoretical
calculations [40]. One possibility is the formation of neutral N–N complexes, which are
suggested by theory [11] and by an ion beam analysis on N-doped ZnSe [50].
The results suggest that the observed deactivation of nitrogen impurities in ZnS0.06Se0.94
may result from two different mechanisms; by the formation of compensating donor type
defects or by the introduction of neutral nitrogen related complexes. The differences between
the two sets of samples suggest that the details of the MBE growth system and the growth
conditions may have a strong influence on the activation of nitrogen. In our case the difference
between the two sets may be due to the slightly different growth stoichiometry.
The analysis of the positron annihilation data in N-doped ZnSe layers BN1, BN2, and
BN3 gave very similar results as above [V]. The layer specific S parameter increases with
increasing temperature in each layer (Fig. 15). The S parameter observed at T > 200 K is
due to positron trapping at vacancy-type defects, identified as VSe-NSe complexes (Sec. 4.1).
In BN1 the S parameter increases slightly at temperatures T < 200 K. Between T ≈ 200
K and T ≈ 350 K the increase is steeper, until at T < 350 K the S parameter turns to an
almost constant level. The total increase, ∼0.16%/100 K, in this sample is comparable with
the increase 0.12%/100 K observed in defect-free GaAs [51] and can be attributed almost
entirely to the thermal expansion of the lattice. In samples BN2 and BN3 the S parameter
at low temperatures (T < 200 K) is at about the same level as in BN1, but increases then
rapidly with the temperature. The rapid increase in the S parameter indicates that positrons
are trapped at low temperatures into shallow Rydberg states around negative ions, which
in N-doped ZnSe are most likely NSe acceptors. As the temperature is increased, positrons
escape the negative ions and the larger value of S parameter due to trapping at vacancies is
restored.
Interestingly, above 350 K the S parameter starts to decrease in both BN2 and BN3
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Figure 15: The low momentum parameter S vs. measurement temperature in N-doped ZnSe
layers [Publ. V].
samples. The ∼ T−1/2 behavior of the positron trapping coefficient expected for negative
vacancies [16, 48] explains only part of the decrease in S. A similar decrease in the S
parameter can be also seen in Fig. 12 in the heavily compensated sample #1 and it has
been observed also in N-doped MgyZny−1SxSex−1 layers [49]. The observed decrease in the S
parameter is most likely due to charge state change of the VSe-NSe vacancy complex. When
Fermi level reaches the ionization level of the VSe-NSe in the band gap, the vacancy complex
is converted into more negative charge state. If the charge state change is accompanied by
a lattice relaxation inwards, the S parameter decreases as seen in Figs. 12 and 15.
Similarly to ZnSSe layers, the data in Fig. 15 is used to estimate the concentrations of
VSe-NSe complexes and N
−1
Se acceptors. At temperature T ∼350 K, where the S parameter
reaches the maximum, the trapping into negative ions has very small effect and thus we can
make a lower limit estimate for the concentration of vacancies using the data at 350 K and
the standard positron trapping model (Eq. 4). Using the value SV /Sb = 1.035 and Sb=0.497
for the lower limit estimate, the vacancy concentrations in the heavily doped samples BN2
and BN3 are (3± 1)× 1016 cm−3 and (6± 2)× 1016 cm−3. In sample BN1 the temperature
behavior of the annihilation parameters suggests that it may contain some vacancies, even
if the S parameter at 300 K is close to the estimated Sb. The vacancy concentration is
however very small, below 1016 cm−3. At low temperatures, where the S parameter is a
superposition of values Sb, SV , and Sion = Sb, the S parameter strongly approaches the bulk
value in all layers. Therefore it is possible to only give lower limit estimates (Table II) for
the concentration of negative ions.
The total concentration acceptor-type defects (Table II) in heavily doped samples is
higher than the net acceptor concentration given by CV measurement, suggesting that donor-
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Table II: The concentrations of observed selenium vacancy complexes and negative ions in
N-doped ZnSe samples. The samples were grown by MBE on GaAs:Si substrate and the net
acceptor concentration was determined by capacitance-voltage measurements [V].
Sample [N] Net acceptor Layer Se vacancy Negative
(cm−3) concentration thickness concentration ions
Na-Nd (cm
−3) (µm) (cm−3) (cm−3)
BN1 (8− 10)× 1016 (2− 5)× 1016 3 < 1016 –
BN2 (5− 10)× 1017 (3− 6)× 1017 2.8 (3± 1)× 1016 (4− 8)× 1017
BN3 (8− 15)× 1018 (1− 4)× 1017 3.1 (6± 2)× 1016 (1− 2)× 1018
type compensating defects must be present in noticeable concentrations. As the concentra-
tion of incorporated nitrogen is clearly higher than the concentration of acceptor type defects,
it is natural to think that a large fraction of nitrogen impurities are situated also in donor-
type defects, leading to electrical deactivation. Although the data in N-doped ZnSe do not
allow an exact quantitative analysis, the results show that the electrical compensation is due
to high concentration of donor type defects as found above in the ZnS0.06Se0.94 samples of
the set A.
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5 Summary
In this work, the influence of doping and layer structural quality to point defects in
GaN and ZnSe compound semiconductor layers have been studied by positron annihilation
spectroscopy. The measurements have been done using a low-energy positron beam, which
enables the depth scanning of few micrometer thick overlayers.
Ga vacancies were found in high concentrations in undoped n-type GaN layers, where
the n-type conductivity is due to residual oxygen impurities. Being negatively charged, the
Ga vacancies constituted the major compensating defect in these layers. In p-type and in
semi-insulating Mg-doped layers the Ga vacancies were not observed. In samples where the
n-type conductivity is achieved by silicon doping, however, clearly less gallium vacancies were
observed than in samples containing oxygen, suggesting that the presence of oxygen leads to
the formation of stable gallium vacancies complexed with oxygen impurities. The observation
is in good agreement with theoretical calculations predicting low formation energy and high
binding energy for VGa-ON complex in n-type GaN [7, 5].
In addition to doping, the formation of Ga vacancies was found to depend strongly on
the stoichiometry of the growth conditions. The formation of Ga vacancies showed, however,
no obvious dependence on the layer structural quality. Ga vacancies were observed as well
in homoepitaxially grown material, where the dislocation density is greatly reduced, as in
the layers grown on sapphire substrate. In layers with different grain sizes, no dependence
between the concentration of Ga vacancies and the grain size was seen. Positrons were found
to get trapped at shallow traps around negative centers, which were attributed to the edge
dislocations. The result indicates that the edge dislocations are negatively charged, but they
do not contain vacancy type defects.
Si-doped GaN layers grown by molecular-beam epitaxy were found to contain neg-
atively charged vacancy clusters, with open volume greater than that of a monovacancy.
The concentration of the clusters decreased with increasing silicon doping. However, also
evidence of Ga monovacancies was obtained.
In nitrogen doped ZnSe and ZnS0.06Se0.94 layers positron trapping at vacancies and
negative ions was observed. The vacancies were assigned as VSe-NSe complexes and the
negative ions as isolated NSe acceptors. By relating the concentrations of these acceptor-type
defects to the net charge carrier concentration given by capacitance-voltage measurements
and to the total nitrogen concentration measured by secondary ion mass spectrometry, both
qualitative and quantitative information on the deactivation of N impurities was obtained.
The data suggested that the deactivation can take place by two different mechanisms; by the
formation of compensating nitrogen related donor defects, most likely (Zni-NSe)
+ or (VSe-
NSe)
+, and by the incorporation of nitrogen in electrically neutral form, e.g. as neutral N–N
complexes.
In undoped ZnSe samples negative zinc vacancies were observed at concentrations of
1016–1017 cm−3. No clear difference in vacancy concentration was found between homoepi-
taxial layer and heteroepitaxial layers with low dislocation densities (≤ 2 × 107 cm−2) at
ZnSe/GaAs interface. In the sample with high dislocation density, 109–1010 cm−2, also the
concentration of Zn vacancies was slightly higher, suggesting that the presence of extended
defects in the ZnSe lattice may have an influence on the formation of point defects such as
the Zn vacancy.
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